Immune thrombocytopenia (ITP) is characterized by platelet destruction and megakaryocyte dysfunction. Mesenchymal stem cells (MSCs) from ITP patients (MSC-ITP) do not exhibit conventional proliferative abilities and thus exhibit defects in immunoregulation, suggesting that MSC impairment might be a mechanism involved in ITP. Platelet-derived growth factor (PDGF) improves growth and survival in various cell types. Moreover, PDGF promotes MSC proliferation. The aim of the present study was to analyze the effects of PDGF-BB on MSC-ITP. We showed that MSC-ITP expanded more slowly and appeared flattened and larger. MSC-ITP exhibited increased apoptosis and senescence compared with controls. Both the intrinsic and extrinsic pathways account for the enhanced apoptosis. P53 and p21 expression were upregulated in MSC-ITP, but inhibition of p53 with pifithrin-a markedly inhibited apoptosis and senescence. Furthermore, MSCs from ITP patients showed a lower capacity for inhibiting the proliferation of activated T cells inducing regulatory T cells (Tregs) and suppressing the synthesis of anti-glycoprotein (GP)IIb-IIIa antibodies. PDGF-BB treatment significantly decreased the expression of p53 and p21 and increased survivin expression in MSC-ITP. In addition, the apoptotic rate and number of senescent cells in ITP MSCs were reduced. Their impaired ability for inhibiting activated T cells, inducing Tregs, and suppressing the synthesis of anti-GPIIb-IIIa antibodies was restored after PDGF-BB treatment. In conclusion, we have demonstrated that PDGF-BB protects MSCs derived from ITP patients against apoptosis, senescence, and immunomodulatory defects. This protective effect of PDGF-BB is likely mediated via the p53/p21 pathway, thus potentially providing a new therapeutic approach for ITP. STEM CELLS
INTRODUCTION
Immune thrombocytopenia (ITP) is an autoimmune disorder characterized by antibody-mediated platelet destruction [1] . The pathogenesis of ITP is complicated and involves increased platelet destruction and impaired platelet production due to the breakdown of self-tolerance [2] . Abnormal polarization between T helper (Th)1 cells and Th2 cells in the peripheral blood has been considered to play an important role in the pathogenesis of ITP [3] . In addition, decreased levels and functional defects of regulatory T cells (Tregs) are involved in the breakdown of self-tolerance in ITP [4, 5] . Recently, mesenchymal stem cells (MSCs) have been documented to be important immunoregulators because they have potent immunosuppressive effects, regulating both adaptive and innate immune responses [6] . MSCs residing in the bone marrow have long been believed to participate in regulating the balance between hematopoietic stem cell self-renewal and differentiation [7] . In addition to their self-renewal and multidifferential potential, MSCs play crucial roles in immune modulatory functions [8] . Previous large-scale studies have demonstrated the immunosuppressive potential possessed by MSCs. MSCs can inhibit both T-and B-lymphocyte proliferation and activation [9, 10] and reduce the expression of costimulatory molecules among antigen-presenting cells [11] . Furthermore, in vitro studies have shown that MSCs themselves trigger the generation of Tregs, which can negatively regulate immune reactions [12] .
In the process of elucidating the pathogeneses of autoimmune diseases, several studies have reported functional impairment of MSCs in patients diagnosed with systemic lupus erythematosus [13] , rheumatoid arthritis [14] , and aplastic anemia [15] , and its use is being explored in the setting of autoimmune disorders. In accordance with these autoimmune diseases, MSCs in ITP patients have also been verified to have reduced proliferative capacity and to have lost their immunosuppressive function. Pérez-Simón et al. demonstrated that bone marrow MSCs (BM-MSCs) from patients with chronic ITP showed impaired proliferative capacity and less ability to inhibit activated T-cell proliferation compared with cells from normal controls [16] . Furthermore, a study by Zhang et al. also confirmed the defectiveness of BM-MSCs in patients with chronic ITP, as evidenced by an increased apoptotic cell rate, an impaired ability to proliferate, and defective immune-inhibiting potential and Treg-inducing ability [17] . It has been universally acknowledged that the production of autoantibodies is the main pathogenic event in the development of ITP; however, few reports are currently available on whether MSCs could affect the generation of antiplatelet antibodies. As an important immunomodulatory cell subset, MSCs have been proposed to play an important role in immune modulation. Therefore, the observed defects in the BM-MSCs might constitute an underlying mechanism in the pathogenesis of ITP. The defects in MSCs might also constitute an important target in the treatment of ITP.
Platelet-derived growth factor (PDGF) isoforms are important mitogens for different types of mesenchymal cells, and these isoforms stimulate the proliferation, survival, and differentiation of cells [18] . PDGF-BB is a dimeric protein of approximately 30 kDa, which belongs to the PDGF/vascular endothelial growth factor family. It can activate both a-and b-PDGF receptors to elicit multiple biological functions. PDGF-BB can protect various cell types from apoptosis and can induce cell cycle and proliferation [19, 20] . However, whether PDGF-BB can correct the defects in MSCs remains unknown.
In the present study, we assessed the role of PDGF-BB in MSCs isolated from ITP patients. We found that MSC-ITP exhibited enhanced apoptosis and senescence and an impaired capacity for immunosuppression, which could suggest the possible involvement of MSCs in the pathogenesis of ITP. We demonstrated that PDGF-BB is capable of protecting ITP MSCs against apoptosis and senescence by modulating the p53/p21 pathway and restoring their immunosuppressive capacity, thus indicating the potential therapeutic utility of PDGF-BB in patients with ITP.
MATERIALS AND METHODS

Patients
BM samples were obtained from 35 patients with newly diagnosed ITP who met the previously reported criteria [21] , and 31 age-and sex-matched healthy donors were included as normal controls. The body mass index distribution (range) was similar between the ITP patients and the healthy donor (control) individuals. All the patients and controls provided consent to participate in the study, which was approved by the Ethics Committee of the Peking University People's Hospital and conducted in accordance with the Declaration of Helsinki.
Isolation, Expansion, and Characterization of MSCs
Bone marrow mononuclear cells from the patients and normal controls were isolated by Ficoll gradient and cultured in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific Life Sciences, Waltham, MA, http://www.thermofisher.com), with 10% defined fetal bovine serum (Thermo Fisher Scientific Life Sciences), and 100 U/ml penicillin/streptomycin. The cultures were maintained at 37°C in a 5% CO 2 incubator, and the medium containing nonadherent cells was replaced every 3-4 days of the culture period. When the cultures reached 80% confluence, the cells were detached using 0.25% trypsin-EDTA. The cells were seeded in flasks at 1 3 10 6 cells per 25 cm 2 and cultured for another 4-5 days to obtain the next passage of MSCs.
To confirm the human MSC phenotype, plastic adherent cells were analyzed for the expression of surface-specific antigens using flow cytometry (supplemental online Fig. 1 ) [22] . The cells were stained with the following fluorescein isothiocyanate (FITC)-conjugated, allophycocyanin (APC)-conjugated, peridinin chlorophyll protein (PerCP)-conjugated or phycoerythrin (PE)-conjugated monoclonal antibodies: CD14, CD19, CD34, CD45, CD105, CD90, CD73, and human leukocyte antigen (HLA)-DR. The FITC-, PE-, APC-, and PerCP-conjugated isotypes were used as negative controls. The analysis was performed using a flow cytometry machine (Beckman Coulter Inc., Brea, CA, http://www.beckmancoulter.com). The capacity of the MSCs to differentiate along osteogenic, chondrogenic, and adipogenic lineages was assessed (supplemental online Fig. 2 ), as described previously [22] , using commercially available kits (osteogenesis differentiation kit, chondrogenesis differentiation kit, and adipogenesis differentiation kit [Thermo Fisher Scientific Life Sciences]), according to the manufacturer's instructions. After 21 days, osteogenic differentiation was determined by the deposition of mineral nodules, which was detected using alizarin red S staining. Adipogenesis was measured by the accumulation of lipid-containing vacuoles using Oil Red O staining. Chondroblast differentiation was demonstrated using Alcian blue staining.
Cell Proliferation Assay
The MSC proliferation assay was performed using the Cell Counting Kit-8 (CCK-8) assay kit (Dojindo Molecular Technologies, Inc., Rockville, MD, http://www.dojindo.com), according to the manufacturer's protocol. Generally, cells were seeded onto 96-well cell culture cluster plates at a concentration of 2 3 10 4 cells per well in volumes of 100 ml and grown overnight. Cell Counting Kit-8 reagents were added to a subset of wells and incubated for 2 hours at 37°C, and the absorbance of the samples was measured using an enzyme-linked immunosorbent assay plate reader at a wavelength of 450 nm.
Cell Morphological Changes
49,6-Diamidino-2-phenylindole (DAPI) dye (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) was used to assess the morphological cell changes (supplemental online Fig. 3 ). MSCs were fixed for 30 minute in phosphate-buffered saline (PBS) containing 1% glutaraldehyde at room temperature and then washed twice with PBS and exposed to 5 mg/ml DAPI for 30 minutes at room temperature. The cells were observed with a fluorescence microscope.
Senescence-Associated b-Galactosidase Assay
MSCs from ITP patients and normal controls were passaged into six-well culture plates at a density of 5 3 10 4 cells per well. After 24 hours, a senescence-associated b-galactosidase assay was performed as described in the assay instructions (Cell Biolabs, Inc., San Diego, CA, http://www.cellbiolabs.com). In brief, the cells were washed twice with PBS and fixed into the wells using 1 ml of 13 fixing solution per well. Next, the cells were incubated at room temperature for 15 minutes. After washing with PBS, the cells were incubated in freshly prepared senescence-associated b-galactosidase detection solution at 37°C without CO 2 
Cell Cycle Analysis
For cell cycle analysis, cultured cells were collected and fixed in 70% ethanol for 30 minutes. After washing with PBS and then treating with RNase A (50 mg/ml in PBS; Sigma-Aldrich) for 30 minutes, the cells were incubated with propidium iodide (50 mg/ml; Sigma-Aldrich) for 15 minutes and were analyzed using a flow cytometry machine (Beckman Coulter, Inc.).
Annexin V
Apoptosis was determined by detecting phosphatidylserine exposure on the cell plasma membrane with the fluorescent dye from an Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich) according to the manufacturer's protocols. In brief, the cells were harvested and washed in ice-cold PBS, resuspended in 300-ml binding buffer, and incubated with 5 ml of Annexin V-FITC solution for 30 minutes at 4°C in dark conditions. This step was followed by further incubation with 5 ml of propidium iodide for 5 minutes. Next, the samples were immediately analyzed by flow cytometry (Beckman Coulter, Inc.). Approximately 5 3 10 5 cells were analyzed in each sample.
Mitochondrial Membrane Potential Assay
The mitochondrial membrane potential (MMP) was determined using the JC-1 Mitochondrial Membrane Potential Assay Kit (Beyotime Institute of Biotechnology, Beijing, China, http:// www.bio-equip.cn). JC-1 exists predominantly in the monomeric form in cells with depolarized mitochondria and fluoresces green at 490 nm. Cells with polarized mitochondria predominantly contained JC-1 in an aggregated form and fluorescence reddish-orange. In brief, MSCs were seeded onto six-well plates. After experimental treatment, the cells were washed twice with PBS. Next, 1 ml of staining dye per well (culture medium, JC-1 working dye at a 1:1 ratio) was added, and the cells were incubated at 37°C for 20 minutes. The cells were washed twice with cold JC-1 staining buffer and examined under a fluorescence microscope.
Western Blotting
The cells were washed twice with ice-cold PBS and extracted in lysis buffer (Sigma-Aldrich) for 45 minutes on ice. Equal amounts of protein were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were then blocked with Tris buffered saline Tween (TBST) containing 5% nonfat dry milk for 1 hour. The membranes were then incubated overnight with monoclonal antibodies against B-cell lymphoma 2 (Bcl-2; catalog no. 2870; Cell Signaling Technology, Danvers, MA, http://www.cellsignal. com), Bcl-2-associated X protein (Bax; catalog no. ab32503; Abcam, Cambridge, UK), caspase-3 (catalog no. 9665; Cell Signaling Technology), caspase-9 (catalog no. ab32539; Abcam), factorassociated suicide (Fas; catalog no. ab126821; Abcam), Fas ligand (FasL; catalog no. ab87023; Abcam), caspase-8 (catalog no. ab181580; Abcam), p21 (catalog no. 2947; Cell Signaling Technology), p53 (catalog no. 2527; Cell Signaling Technology), and survivin (catalog no. 2808; Cell Signaling Technology). The antibodies against Bcl-2, caspase-3, p21, p53, and survivin were purchased from Cell Signaling Technology. The remaining antibodies were purchased from Abcam. The membranes were then washed with TBST and incubated with horseradish peroxidaseconjugated rabbit anti-mouse secondary antibody for 1 hour. The blots were developed using an enhanced chemiluminescence kit. To assay the distribution of the p53 and p21 proteins, the cytoplasmic and nuclear proteins from cultured cells were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce Chemical Co., Dallas, TX), respectively. b-Tubulin was used as the internal control for the cytoplasmic and nuclear proteins. The cytoplasmic and nuclear fractions were used for Western blot analysis, as described previously (supplemental online Figs. 5-7). The relative protein expression was normalized to b-tubulin.
Immunofluorescence Assay
MSCs were washed once with PBS and fixed in 4% paraformaldehyde for 15 minutes. After permeabilization and blocking, they were incubated with fluorescein isothiocyanate-conjugated phalloidin. The stained cells were then observed under a fluorescent microscope.
T-Lymphocyte Proliferation Assays and Analysis of Tregs by Coculture With BM-MSCs
Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll density gradient centrifugation from venous blood obtained from 2 healthy subjects. CD4+ T cells isolated from the PBMCs of normal controls were purified using positive selection with a CD4+ T-cell isolation kit [16, 23] 5 per well, at a ratio of 1:10 MSC/CD4+ T cells) were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/ml penicillin/streptomycin. After 5 days of coculture, nonadherent cells were harvested and evaluated for the proportion of Tregs present by flow cytometry using PE-Cy7-conjugated anti-CD4, PE-conjugated anti-CD25, and antigen-presenting cell-conjugated anti-Foxp3 (all from BD Biosciences, Franklin Lakes, NJ, http:// www.bdbiosciences.com) antibodies.
Detection of IgG Anti-GPIIb-IIIa Antibodies in the In Vitro Coculture System
An in vitro assay was conducted to analyze the effect of MSCs on IgG anti-GPIIb-IIIa antibody synthesis by PBMCs, as previously described [24, 25] . In brief, PBMCs (2 3 10 5 per well) were cocultured with MSCs (2 3 10 4 per well) in complete medium in 96-well plates with antigen (trypsin-digested GPIIb-IIIa) in the presence of pokeweed mitogen (1 mg/ml) for 10 days. The levels of IgG antiGPIIb-IIIa antibody in undiluted culture supernatants were measured using an anti-GPIIb-IIIa ELISA, as previously described.
Statistical Analysis
The data are expressed as the mean 6 SD and were analyzed with the commercially available statistical software package SPSS, version 13.0 (SPSS, Chicago, IL, http://ibm.com). One-way analysis of variance withŠidák's multiple comparison correction was used to compare the mean in the T-cell proliferation assay and Tregs induction assay and the detection of anti-GPIIb-IIIa antibody, IL-4, IL-10, and IFN-g. The t test was applied in the remaining comparisons. Statistical significance was defined as p , .05.
RESULTS
MSC-ITP Showed Increased Apoptosis and Senescence
Bone marrow-derived MSCs were successfully isolated, and the culture was expanded from all 25 ITP patients and 21 controls. Flow cytometry analysis demonstrated that MSCs from both healthy donors and ITP patients expressed CD105, CD73, and CD90 and lacked expression of CD14, CD19, CD34, CD45, and HLA-DR. MSCs displayed similar differentiation ability toward osteoblasts, adipocytes, and chondroblasts in vitro after inductive conditions. As shown in Figure 1A , MSCs from the controls (MSC-control) expanded and acquired spindle shape morphology during culture. In contrast, MSCs from the ITP patients (MSC-ITP) expanded more slowly and appeared larger and flattened. Only a few acquired the typical morphology during culture. Furthermore, CCK-8 assays showed a lower proliferative capacity among MSC-ITP compared with MSC-control (Fig. 1B) . The apoptosis of MSCs was morphologically determined using DAPI staining. As shown in Figure 1C , MSC-control had normal round and regular nuclei. In contrast, fragmentation and condensation of the nuclei, which are characteristic of apoptotic cells, were observed in MSC-ITP. We further assessed the apoptotic cell rate using Annexin V. As shown in Figure 1D , the rate of apoptosis was higher in the MSC-ITP group than in the MSC-control group (20.92% 6 5.73% vs. 0.27% 6 0.43%; p , .01). The MSC-ITP cells showed increased senescence, as demonstrated by senescence b-galactosidase staining (23.50 6 7.35 vs. 7.50 6 5.23; p , .01) (Fig. 1E) . Flow cytometry showed an increase in G 0 /G 1 cells in the MSC-ITP (81.74% 6 1.41% vs. 73.19% 6 5.05%; p , .05) (Fig. 1F) . These defects were consistently observed at passage 5 and could not be recovered in culture.
MSC-ITP Exhibited Impaired Mitochondrial Function and Death Receptor Pathway
The mitochondrion is one of the key regulators of apoptosis. To investigate the changes in mitochondrial functions during the apoptosis of MSC-ITP, the MMP, Bcl-2/Bax ratio, and caspase-9 and caspase-3 activation were measured. MSC-control exhibited reddish-orange staining, indicative of coupled mitochondria with a normal MMP (Fig. 2A) . In contrast, MSC-ITP developed a diffuse green staining pattern, representative of a reduced MMP (Fig.  2A) . Furthermore, at the protein level, a decreased Bcl-2/Bax ratio (p , .01), increased caspase-9 activation (p , .05), and increased caspase-3 activation (p , .05) (Fig. 2B) were confirmed by Western blot analysis of MSC-ITP compared with MSC-control. We next explored whether the death receptor pathway was involved in the apoptosis of MSCs. More activation of caspase-8 was detected by Western blot analysis in MSC-ITP (p , .05) (Fig. 2C) . Simultaneously, the expression of Fas (p , .05) and FasL (p , .05) was significantly higher in MSC-ITP than in normal controls at the protein level (Fig. 2C) .
The p53/p21 Pathway Plays an Important Role in Apoptosis and Senescence of MSC-ITP P53 is a critical mediator of cell survival in response to stimulation by several factors. In the present study, we found that the expression of p53 (p , .05) and p21 (p , .05) (Fig. 3A) had increased and the expression of survivin (p , .01) (Fig. 3A) was decreased in MSC-ITP. To further assess the role of the p53/p21 pathway in the apoptotic progress of MSC-ITP, the p53/p21 pathway was inhibited with the p53 inhibitor pifithrin-a (PFT-a). Treatment with PFT-a markedly inhibited the expression of p53 and p21 in MSC-ITP (Fig. 3B) . In addition, PFT-a exerted a protective effect on MSC-ITP, as demonstrated by the decreased apoptosis and senescence in MSC-ITP. Improved nuclear morphology was observed in MSC-ITP with p53 inhibition (Fig. 3C) . Also, PFT-a reduced the apoptotic rate at a concentration of 50 mg/l (2.91% 6 1.61% vs. 15.92% 6 1.05%, p , .01) (Fig. 3D) . Senescence in MSC-ITP was reversed with PFT-a treatment, as evidenced by the significantly decreased number of senescent cells (8.00 6 3.85 vs. 22.00 6 8.37; p , .05) (Fig. 3E) and G 0 /G 1 cells (73.49% 6 2.86% vs. 82.26% 6 1.47%; p , .05) (Fig. 3F) . Moreover, treatment with PFT-a ameliorated the depolarization of MMP in MSC-ITPs as indicated by the change from green to orange fluorescence with JC-1 staining (Fig. 3G) . Western blot analysis showed that the Bcl-2/Bax ratio was upregulated ( Fig. 3H; p , .01 ). Caspase-9 and caspase-3 activation was downregulated with the presence of PFT-a ( Fig. 3H ; p , .05). Treatment with PFT-a also decreased Fas, FasL, and caspase-8 expression in MSC-ITP at the protein level ( Fig. 3I; p , .05 ).
P53 and p21 Were Mainly Localized in the Nuclear Fraction of MSC-ITP
Recent studies have found that proteins and their functions are based on subcellular localization. The p53 and p21 proteins, which accumulate in the nuclei, are necessary for cell cycle arrest. In our study, using immunofluorescence staining, we observed that p53 (Fig. 4A) and p21 (Fig. 4B) were mainly localized in the nuclei of the MSC-ITPs. In contrast, lower levels were found in the cytoplasm of the MSC-ITP than in that of the MSC-control. To further detect the expression of these proteins, we used separation of the nuclei and cytoplasm and Western blot analysis. We found that p53 and p21 were expressed more in the nuclei of the MSC-ITP than in the normal controls (Fig. 4C, 4D ). These results suggest that the effects of p53 and p21 on MSC-ITP might be based on their subcellular localization.
MSC-ITP Exhibited an Impaired Capability of Inhibiting T-Cell Proliferation, Inducing Tregs, and Suppressing Anti-GPIIb-IIIa Antibodies
To evaluate the immunomodulatory effect of MSCs on T cells, we stimulated T cells with PHA in the presence of MSCs from healthy donors versus ITP. As shown in Figure 5A , PHAinduced T-cell proliferation was inhibited by MSCs from both ITP patients (p , .01) and normal controls (p , .01). However, the capacity of MSC-ITP in suppressing T-lymphocyte proliferation was significantly lower than that of the MSC-control (p , .01). Previous studies have suggested that MSCs could induce T cells with a regulatory phenotype when cocultured with CD4+ T cells, and the decreased levels and functional defects of Tregs have been shown to participate in the breakdown of selftolerance in ITP. We next investigated the Treg-inducing function of MSCs from ITP patients and normal controls. As shown in Figure 5B , a significant increase occurred in the proportion of CD4+CD25+Foxp3+ Tregs in CD4+ T cells cocultured with BMMSCs from both groups compared with CD4+ T cells cultured alone. However, the proportion of CD4+CD25+Foxp3+ Tregs in the patient group was significantly lower than that in the control group ( Fig. 5B; p , .01) . Additionally, ELISA showed that MSCs from both groups significantly inhibited the expression of IFN-g (Fig. 5C ) and enhanced the expression of IL-4 ( Fig.  5D ) and IL-10 (Fig. 5E) . However, less IFN-g and more IL-4 and IL-10 were detected in the coculture system in the MSC-control group compared with the MSC-ITP group. The production of antiplatelet antibodies has been regarded as the main pathogenic mechanism of ITP. We next evaluated whether MSCs could inhibit the production of anti-GPIIb-IIIa antibody. As shown in Figure 5F , coculture with the MSCs from healthy donors significantly reduced the absorbance of anti-GPIIb-IIIa antibody in the supernatant compared with the culture of PBMCs alone in the presence of digested GPIIb-IIIa (p , .01). Coculture with the MSCs from ITP patients resulted in a relatively lower amount of anti-GPIIb-IIIa antibodies, but the difference did not reach statistical significance. These data suggest that MSC-ITP might play a dysfunctional role in immunoregulation.
PDGF-BB Treatment Protected MSC-ITP From Apoptosis and Senescence by Downregulating p53 Expression and Restored the Immunomodulatory Effects
Because PDGF-BB has been demonstrated to prevent apoptosis in various types of cells, we examined whether PDGF-BB protected MSCs from apoptosis and senescence. Third-passage MSCs were treated with PDGF-BB at a concentration of 50 ng/ml for 24 hours. PDGF-BB showed a favorable protective effect on MSC-ITP. As shown in Figure 6A , the morphology of the nuclei was improved, and the apoptotic rate of MSC-ITPs was downregulated (2.76% 6 4.02% vs. 15.92% 6 1.05%; p , .05) (Fig. 6B) by treatment with PDGF-BB. Senescence in MSC-ITP was reversed with PDGF-BB treatment, as evidenced by the significantly decreased number of senescent cells (5.30 6 2.50 vs. 22.00 6 8.37; p , .05) (Fig. 6C) and G 0 /G 1 cells (73.49% 6 2.86% vs. 82.26% 6 1.47%; p , .05) (Fig. 6D) in MSC-ITP. Given that the p53/p21 pathway was involved in mediating the apoptosis and senescence of MSC-ITP, we next explored whether PDGF-BB exerted protective effects by regulating the p53/p21 pathway. The results showed that PDGF-BB significantly decreased the expression of p53 and p21 and increased the expression of survivin at the protein level (Fig.  6E) . PDGF-BB also partly reversed the abnormal subcellular localization of p53 (Fig. 6F) and p21 (Fig. 6G) in MSC-ITP. Given 
cells (n = 8) (F). (G):
PFT-a treatment prevented decreased mitochondrial membrane potential in MSC-ITP, as shown by the change from green to orange staining of JC-1 (n = 6; magnification 3400; scale bars = 100 mm). Decreased Bcl-2/Bax ratio, activation of caspase-9, -8, and -3 (H) and increased expression of Fas, FasL, and caspase-8 (I) in MSC-ITP, detected by Western blot, were ameliorated by PFT-a treatment (n = 4). The MSCs used in each assay were at passage three. *, p , .05; **, p , .01. Error bars indicate SD. Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Fas, factor-associated suicide; FasL, Fas ligand; ITP, immune thrombocytopenia; n, number of unique donors in each group; PFT-a, pifithrin-a.
that the excess apoptosis and senescence was reversed, we next evaluated whether the impaired immunosuppression capacity was restored in PDGF-BB-treated MSC-ITP. After coculture of CD4+ T cells with PDGF-BB-treated MSC-ITP, the T-cell proliferation induced by PHA was significantly reduced ( Fig.  5A ; p , .01) and the number of Tregs was increased ( Fig. 5B ; p , .01) compared with coculture with MSC-ITP. After PDGF-BB treatment, the capacity of MSC-ITP to inhibit the production of anti-GPIIb-IIIa antibodies was restored ( Fig. 5F; p , .05) . These results indicate that PDGF-BB can reverse the defect of MSC-ITP in vitro.
DISCUSSION
In the present study, we have presented evidence on increased apoptosis and senescence and the impaired immunomodulatory capacity of MSC-ITP. We also demonstrated that PDGF-BB attenuated apoptosis and senescence via the p53/p21 pathway and restored the immunomodulatory capacity of MSCs derived from ITP patients, thus providing new insight into the pathogenesis of ITP.
ITP is characterized by platelet destruction within the spleen and megakaryocyte destruction in the bone marrow [1] . Autoantibodies induced by the polarization of Th1 and Tcell cytotoxicity resulted in excessive platelet destruction and suppressed platelet production [26] . An imbalance between immune stimulation and regulation indicated by abnormal regulatory T cells was involved in the pathogenesis of ITP [4, 27] . MSCs have been documented to display not only stem cell multipotency [28] but also robust immunosuppressive properties [29] . MSCs from healthy individuals could inhibit the conversion of Th2 to Th1 by increasing IL-4 and decreasing IFN-g levels in effector T cells [30] and inducing the generation of regulatory T cells [31] . However, MSCs from ITP patients were found to lose their conventional proliferation capacity and thus were defective in immunoregulation [16, 17] . Also, in either an animal model or human ITP patients, the transplantation of MSCs derived from bone marrow or the umbilical cord has improved platelet production and attenuated megakaryocyte dysfunction by reversing the shift in the Th1/Th2 cytokine balance [32] [33] [34] [35] , suggesting that MSC impairment might be involved in the pathogenesis of ITP.
MSCs from ITP patients have been shown to have less proliferative capacity and a higher rate of apoptosis; however, the mechanism for these abnormalities remains unknown. In the present study, we not only investigated the enhanced apoptosis and senescence of MSCs from ITP patients, we also explored the underlying molecular changes that give rise to deficiencies in the proliferation and survival of MSC-ITP. Apoptosis and senescence are two mechanisms that prevent replication when cells undergo irreversibly accumulated damage [36] . Cellular senescence is an irreversible form of cell cycle arrest that prevents the proliferation of damaged cells or cells that have surpassed their capacity to proliferate [37] . Apoptosis, also called programmed cell death, is a cell-autonomous mechanism that relies on the pathway-controlled activation of caspases and nucleases, leading to the death of injured cells without affecting neighboring cells [38] . The intrinsic pathway of apoptosis regulates the activity of the Bcl-2 family proteins that control the integrity of the mitochondrial membrane [39] . The release of proapoptotic factors from the mitochondria, such as cytochrome C, into the cytoplasm promotes the activation of the initiator caspase-9, which in turn activates effector caspases, such as caspase-3 and caspase-7 [40] . The extrinsic pathway relies on the activation of death receptors, which promote the recruitment and activation of initiator caspase-8 via adaptor proteins, such as the Fas-associated death domain. Strong caspase-8 activity can directly activate effector caspases [41] . Pérez-Simón et al. found that caspase-9 was overexpressed in MSCs from ITP patients compared with controls [16] . Given this indication, we also detected the molecular change along the intrinsic apoptosis pathway. We found not only excessive apoptosis of MSC-ITP but also the specific pathway by which apoptosis was regulated. MSC-ITP showed a decreased Bcl-2/Bax ratio, resulting in decreased MMP and consequently activating caspase-9 and caspase-3, indicating the activation of the mitochondrial pathway. Moreover, the death receptor pathway was involved in upregulated apoptosis in MSC-ITP, as demonstrated by increased Fas and FasL expression and caspase-8 activation. These results showed that both intrinsic and extrinsic pathways are involved in excessive apoptosis of MSC-ITP.
Recently, it was shown that p53 plays an important regulatory role in both apoptosis and senescence [42] . It senses DNA damage and, in response, induces and promotes senescence or apoptosis in the case of extensive damage [43, 44] . It has been reported that cell cycle progression is regulated by cyclins and cyclin-dependent kinase (CDK), such as cyclin E and CDK2, and this regulation is negatively inhibited by p53 and the CDK inhibitor p21, a target gene of the p53 protein [45] . It has been confirmed that overexpression of p53 causes the arrest of cell growth [46] . At the same time, p53 acts at multiple levels of the intrinsic and extrinsic pathways through the induction of multiple apoptotic target genes and through transcription-independent mechanisms [47, 48] . To investigate whether p53 participates in the apoptosis and senescence of MSC-ITP, p53 and p21 expression was measured at the protein level. The findings revealed upregulation of p53 and p21 in MSC-ITP. Blocking p53 with PFT-a reversed senescence and ameliorated apoptosis by suppressing both intrinsic and extrinsic pathways. The results indicated that the p53 pathway is responsible for the enhanced apoptosis and senescence in MSC-ITP (Fig. 7A) .
Activation of autoreactive CD4+ T cells on recognition of GPIIb-IIIa peptides presented by antigen-presenting cells is a critical step for triggering and maintaining the pathogenic antiplatelet autoantibody response [26] . In the present study, we . The abnormal subcellular localization of p53 (F) and p21 (G) in MSC-ITP was reversed by PDGF (n = 4). Decreased Bcl-2/Bax ratio, activation of caspase-9 and -3 (H) and increased expression of Fas, FasL, and caspase-8 (I) in MSC-ITP, detected by Western blot, were reversed by PDGF treatment (n = 4). The MSCs used in each assay were at passage three. *, p , .05; **, p , .01. Error bars indicate SD. Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Fas, factor-associated suicide; FasL, Fas ligand; ITP, immune thrombocytopenia; n, number of unique donors in each group; PDGF, platelet-derived growth factor; SA-b, senescence-associated b-galactosidase.
and IL-10 expression, and IFN-g expression was reduced. MSC-ITP was defective in promoting IL-4 and IL-10 secretion and inhibiting IFN-g secretion compared with that of the healthy controls. These data indicate that MSCs lose their immunomodulatory ability, which is needed for maintaining the immune balance. Because ITP is characterized by the production of autoantibody against targeted antigens, we further assessed whether these defects in MSCs could affect the production of antiplatelet antibodies. As expected, MSCs from healthy individuals were able to suppress the production of anti-GPIIbIIIa antibodies in the in vitro coculture system, but the MSCs from ITP patients showed a weaker capacity in this respect, providing a stronger indication that the functional defects of MSC-ITP could possibly be involved in the pathogenesis of ITP. Because the impairment of MSCs, including excess apoptosis and senescence and defects in immunoregulation, might play a role in the development of ITP, correcting the defects of MSCs could represent a potential alternative therapeutic approach for the treatment of ITP.
PDGF isoforms and PDGF receptors have important functions in the regulation of growth and survival of various cell types [52] . It was demonstrated that PDGF treatment potently ameliorated photoreceptor degeneration via the suppression of apoptotic pathways [53] . Fingas et al found that myofibroblast-derived PDGF-BB could promote survival signaling in cholangiocarcinoma cells [54] . Vantler et al. showed that PDGF-BB had the capacity to protect cardiomyocytes from apoptosis and to improve the contractile function of engineered heart tissue [19] . Moreover, the potential of PDGF to induce proliferation in MSCs has been documented in a variety of studies [55] . Sotoca et al. showed that PDGF efficiently promoted proliferation and maintained the multipotency of healthy human MSCs [56] . The potential of PDGF to induce proliferation in MSCs was further confirmed by the upregulation of proliferation-and cell cycle-related genes [57] . Considering that PDGF is a potent growth-promoting factor for MSCs, we assessed whether PDGF could alleviate apoptosis and senescence in patients with ITP. We found that PDGF-BB could mitigate the apoptosis and senescence of MSC-ITP by downregulating p53 expression and consequently maintain the immunomodulatory effects.
CONCLUSION
We have shown that MSC-ITP display enhanced senescence and apoptosis and defects in immunoregulation, which could implicate the possible involvement of MSCs in the pathogenesis of ITP. We demonstrated that PDGF-BB is capable of protecting MSCs derived from ITP patients against apoptosis and senescence by inhibiting the p53/p21 pathway and maintaining the immunosuppression capacity, indicating that PDGF-BB could serve as a novel potential therapeutic alternative for ITP.
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